Summary
Introduction
Quantifying the diets of animals forms a fundamental aspect of community, population and behavioural ecology. Traditional methods of dietary analysis involve observing animals when they are feeding, the collection of discarded components of their feeds, or reconstructing food intakes from undigested remains recovered from faecal samples. All of these approaches are potentially biased, and may provide only poor indications of the true trophic ecology of a species or its diet selection strategy. An alternative approach, which has considerable promise, is the use of stable isotope signatures to trace dietary histories (Lajtha & Michener 1994) . This is because animal tissues broadly take on the isotopic signature of the food items that they ingest ( Minson et al . 1975; DeNiro & Epstein 1978 , 1981 .
Primary producers obtain their isotopic signature from a combination of atmospheric 13 C, and 13 C fractionation due to specific photosynthetic pathways, e.g. C 3 , C 4 or crassulacean acid metabolism (CAM) photosynthesis. Terrestrial C 3 and C 4 plants discriminate against CO 2 in the atmosphere to different degrees to produce a mean δ 13 C of -27‰ and -13‰, respectively (O'Leary 1981) . Thus, C 3 and C 4 plants have distinct non-overlapping δ 13 C values, which differ by approximately 14‰ (Griffiths 1998) . Ultimately, all animals are reliant upon plants for their food energy, and will reflect the isotopically distinct elements from †Author to whom correspondence should be addressed. E-mail: j.speakman@abdn.ac.uktheir food source, within about 2‰ (DeNiro & Epstein 1978) . Measuring stable isotope ratios of animal tissues can therefore in theory provide an indication of their food source. This may have an advantage over more traditional methods because the isotope levels of tissues reflect an integrated picture of the diet over a protracted period. Moreover, since tissues turn over at different rates, samples taken from different tissues may provide windows of varying duration on the subject's diet ( Tieszen et al . 1983 ).
Identifying diet is often an important aspect of ecological investigations in conservation. It is especially important to know what is being assimilated in the diet. Recent diet is often difficult to trace in an organism unless a destructive technique is used, for example gut content analysis. In terms of isotopic analysis it is the tissues with highest turnover rates that will provide information on recent dietary history. The fastest isotopic turnover rate for a tissue or organ is 6·4 days in liver (Tieszen et al . 1983) . Using non-destructive sampling techniques Hobson & Clark (1993) found blood plasma to have a half-life of 2·9 days. The faster the isotopic turnover of a tissue, i.e. its metabolic activity, the more recent the dietary information obtained. However, some foodstuffs enter into energy metabolism pathways rather than entering a pathway that results in tissue synthesis. For example, isotopic dietary studies using bone collagen, muscle and fat found polar bears to rely very little on terrestrial food webs and isotopic signatures correlated well to their main prey item, seals (Ramsay & Hobson 1991) . However, it is known that polar bears spend a third or more of each year in terrestrial systems. Hobson & Stirling (1997) traced dietary history of polar bears, which were known to feed on Empetrum nigrum berries, using isotopic measurements of blood (plasma and cellular fractions). Again, no indication of this obvious important food source was found in the resultant isotopic signatures. The berries consisted of carbohydrate, the energy from which was being directly metabolized rather than being incorporated into stores. Hobson & Stirling (1997) suggested breath sampling would have allowed this important observation to be recorded. The attractiveness of the breath sampling technique to ecologists is in obtaining an integrated picture of assimilated diet. Carbon in the breath is derived from the substrate currently being used for metabolism, which may be a mixture of stored and exogenous reserves. Usually assimilated diet is a mixture of both reserves; however, if ingested material is predominantly carbohydrate then it is unlikely to be well represented in stores, being utilized immediately for energy. In this scenario the best indication of diet will be through breath samples. Thus the method can provide essential ecological and conservation information, for example, recognition of exploitation of a sporadic and locally abundant food source. By comparing different fractions from the same animals a dietary history can be compiled. This provides scope for dietary analysis of one consumer to gain both long-and short-term dietary information (Tieszen et al . 1983) .
Tissue collection for stable isotope dietary analysis is often destructive with whole bodies and organs being used for dietary carbon assay (e.g. Hobson 1993) . Where carcasses are unavailable or a study species is one of conservation interest this type of sampling is undesirable. Non-destructive sampling remains invasive, i.e. involving collection of tissues from a captured animal through the introduction of instruments into the body, e.g. blood samples (Hobson & Clark 1993) . Some species lend themselves to non-invasive tissue collection, such as milk and hair (Minson et al . 1975) , bird feathers (Collier & Lyon 1991; Thompson et al . 1998 ) and eggshells (Schaffner & Swart 1991; Hebert et al . 1999) . However, samples available from non-invasive tissue collection are often metabolically inactive and as such record dietary history when the tissue was created. To obtain an integrated picture of recently assimilated diet a metabolically active sample is required. Breath is a highly metabolically active biochemical fraction and as such can provide recent dietary information, while using a non-invasive technique.
Non-invasive sampling techniques are increasingly desirable in animal ecology and there has been a huge increase in research projects utilizing these techniques (Taberlet 1998) . To complement the growing field of noninvasive ecology and stable isotope dietary analysis we investigated the feasibility of elucidating diet by measurement of natural abundance 13 C enrichments in expired CO 2 (breath samples). This method eliminates the need for any physical intrusion of the study species, since it involves only its confinement for a short (minutes) period in a breath sampling chamber, and transferral to the chamber from a trap.
Since tissues generally acquire slightly higher isotope enrichments than the food being ingested by a subject, the requirement for an isotopic mass balance indicates that breath should be slightly depleted relative to the food items being ingested.
Stable isotope breath samples are used in clinical medicine, particularly in the field of paediatrics, where they are used as a non-invasive test for gastrointestinal, nutritional and metabolic processes (Weaver 1998) . Similar applications are used for carbon breath tests in the field of veterinary science (for example, Chevalier et al . 1984) . The use of breath samples for isotopic dietary analysis has received little attention within ecology. The only published study consists of an investigation into insect diet by DeNiro & Epstein (1978) . They found the isotopic signature of breath broadly reflected that of diet but was characterized by high individual variability. This work expands on their findings by quantifying the levels of interindividual variability in carbon isotope signatures in the breath of mice fed a constant diet from weaning, and elucidating some of the factors correlated with it. Additionally, we investigated the temporal sensitivity of the technique by feeding animals different diets for different time periods, and measuring the response over time. Such quantification is important because it allows the time window over which these samples reflect dietary history to be evaluated.
Materials and methods

 
Laboratory mice (MF1 strain) maintained on a 12L : 12D hour photoperiod at 20 ° C and housed singly were used. They were raised on a constant diet of rat and mouse no. 1 maintenance food in pellet form (Special Diet Services, Witham, UK). They, and their mothers, had been provided with the same diet, and water ad libitum since weaning. The mice were approximately 80 days old when measured. Breath samples were taken from mice using a modified open flow indirect calorimetry apparatus. Individual mice were placed within a chamber through which an airflow was maintained at 485 ml min -1 . Water and CO 2 were scrubbed from the inflowing airstream. The chamber was modified to allow breath samples to be collected by piercing 10-ml vacutainers (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ, USA), on to a 19-gauge needle attached to the chamber. Contrary to previous reports we could find no effect of the source of vacutainer on isotope enrichment when Becton Dickinson vacutainers (red tops) were compared with Exetainers (blue tops) (Labco Ltd, Buckinghamshire, UK). All the measurements reported here were made using Becton Dickinson vacutainers. Preliminary investigations suggested the optimum time for breath sampling was after the animal had spent 2 min in the chamber. This was sufficient for mixing within the chamber to occur and the percentage CO 2 in the outflow stream to reach approximately 0·5-1%. Individual animals were therefore placed in the chamber for 2 min and duplicate samples were taken at this time. Technically these samples are chamber air samples, but since the source of CO 2 in the chamber is exclusively from breath we have called them 'breath samples'. Sampling occurred between 1400 and 1600 daily for all measured variables.
All breath samples were analysed within 2 days of collection directly on to a Micromass ISOCHROM µ G gas isotope ratio mass spectrometer (IRMS; Micromass Ltd, Manchester, UK). Food samples were dried in an oven at 60 ° C until they reached a constant mass (14 days) and were then homogenized to minimize variation in isotopic composition. At all stages of sample preparation steps were taken to prevent isotopic contamination of samples. Five replicates were analysed for each foodstuff. These samples were analysed using a combustion Elemental Analyser (Micromass) on the front end of a Micromass OPTIMA mass spectrometer. All solid and gaseous samples were run adjacent to laboratory working standards, which had been isotopically characterized relative to International Atomic Energy Agency (IAEA) standards. Carbon isotope ratios were expressed in ‰ deviation from the international standard PeeDee Beleminite (PDB); (Craig 1957) .
  
13        13 C enrichment of the breath was measured in 40 mice and related to observed traits of the population. Mean body mass, daily food assimilation efficiency and mean daily food intake were calculated from a week's observations prior to the collection of breath samples. Body mass was measured using an electronic balance (0·01 g) (Sartorius, Epsom, UK). Body temperature of animals was measured with a deep rectal probe (3-4 cm depth) to the nearest 0·1 ° C, coupled to an electronic thermometer (2751-K, Digitron Instrumentation Ltd, Hertford, UK). Body composition, lean body mass (LBM) and total fat mass (FM) of individuals were estimated by TOBEC (total body electrical conductivity) using an ACAN-2 animal-body composition analyser (SIGNUS, Kraków, Poland). Animals were restrained and placed in the chamber in identical fashion so body geometry was standardized (Scott et al . 1991) . Ten readings per animal were taken; a mean was calculated with the highest and lowest values rejected. The measured TOBEC indices were converted to LBM and FM using an equation derived from a separate calibration experiment (I. P. Mitchell, C. Hambly & J. R. Speakman, unpublished data), in which a TOBEC reading for 20 individual mice (MF1 strain) was taken. The animals were then sacrificed and lean body mass determined using destructive carcass analysis (Soxhlet method).
Additionally, to assess the influence of age on breath isotope variability, samples were taken from mice ( N = 111) across six different age groups, all of which had been fed the same diet (rat and mouse number 1 maintenance diet) from weaning. The six age groups, in days from birth, were: 810 ± 10 ( N = 3); 225 ± 5 ( N = 12); 192 ± 5 ( N = 32); 113 ± 5 ( N = 12); 81 ± 5 ( N = 40) and 16 ± 2 ( N = 12). Body mass was measured for each individual prior to collection of the breath samples.
     -   
Isotopic enrichments in breath were measured after switching diets from rat and mouse no. 1 maintenance to three new diets. These were: dry maize kernels ( Zea mays ) a C 4 plant, dry wheat seeds ( Triticum aestivum ) a C 3 plant (both from Special Diet Services, Essex) and live meal worms (Tenebrionidae) (Livefoods Direct, Sheffield, UK), that had been raised on a diet of wheat bran. Each feeding group ( N = 10) was allowed to feed on their respective new diets ad libitum over 5 days for wheat and maize and 2 for the mice fed the mealworms. Isotopic enrichment of 13 C in breath of mice fed the three different diets was measured daily (mid-afternoon). Wire mesh was placed in the bottom of each cage to prevent ingestion of faeces.
     -   
To investigate short-term temporal sensitivity of the breath sampling technique three further groups of mice ( N = 6) that had been fed the standard diet from weaning were starved for a 7-h period, but given water ad libitum . Each group was presented with 1 g of a new diet of maize, wheat or mealworm and allowed to feed for 30 min. Breath samples were taken prior to feeding and then every 15 min after food had been ingested, for 150 min. Wire mesh was placed in the bottom of each cage to prevent ingestion of faeces.
Results
  
13      Mice fed an isotopically constant diet since weaning (60 days) of -21·4 ± 0·35‰ had a mean breath δ 13 C value of -27·0 (SE ± 0·14‰, N = 40), with an interindividual range of 3·3‰. Thus, mean breath δ 13 C values were isotopically depleted by an average of 5·7‰, relative to the diet. The differences in breath δ 13 C values between individual mice were highly significant (  : F 39,200 = 40·72; P < 0·01). Mean body mass ( P < 0·01), fat mass ( P < 0·01) and lean mass ( P < 0·01) were identified as the main individual traits that were significantly correlated with breath isotope variability. The other individual traits measured (food intake, mean digestibility and body temperature immediately prior to breath sample collection) were not significant. Using linear regression body mass alone was found to explain 55·7% of δ 13 C variability in this population of mice (Fig. 1 ). This figure illustrates there is very little overlap in δ 13 C values and body mass of males and females. The difference in δ
13
C values between the sexes was highly significant ( T 36 = 6·84; P < 0·01): this could not be attributed solely to body mass sexual dimorphism, as the δ 13 C of the two sexes was significantly different, independently of the body mass effect (sex effect using  : F 1,37 = 6·27, P < 0·05).
Mice of different ages had significantly different breath δ 13 C values (Kruskall-Wallis: H 5 = 51·63; P < 0·01). The relationship between age groups and δ 13 C was not simple (Fig. 2) as identified by a post hoc test (non-parametric multiple comparisons, after Zar 1984) . A significant correlation was found between δ 13 C values and age ( r 2 = 0·15; P < 0·01), however, only 15% of the variation in 13 C abundance was explained by age. The δ 13 C differences may be due to age-dependent variables, such as body mass, differing between groups and not an effect of age itself. Therefore, analysis of covariance (  ) was applied using δ 13 C values as the dependent variable, age as a fixed factor and mass as a covariate. A highly significant difference ( F 1,5 = 10·37; P < 0·01) was found between δ 13 C values of different age groups, independent of body mass.
     -   
After a permanent diet switch all mice showed a gradual shift in isotopic composition towards their new Fig. 1 . Individual variation in the 13 C isotope enrichment (δ 13 C PDB ‰) in expired CO 2 in the breath of laboratory mice raised on a constant diet from weaning, as a function of sex and body mass. Fitted line is the least squares fit regression.
Fig. 2. Individual variation in the
13 C isotope enrichment (δ 13 C PDB ‰) in expired CO 2 in the breath of laboratory mice raised on a constant diet from weaning, as a function of log 10 age of the mice. Fitted line is the least squares fit regression.
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Determining diet using respired CO2 (Fig. 3) . The 13 C enrichments of the diets for rat and mouse no. 1 pellets, wheat, maize and mealworm were -21·4 ± 0·30‰, -26·4 ± 0·57‰, -10·0 ± 0·66‰ and -25·9 ± 0·27‰, respectively. Breath of maizefed mice was enriched relative to δ 13 C values of the original diet, while wheat-fed and mealworm-fed mice were depleted relative to original diet. Maize-fed mice reached a peak after 4 days and then decreased slightly but still remained elevated relative to the original diet. Breath δ 13 C values were highly significantly different (F 3,32 = 129·02; P < 0·01) between all diets. However, post hoc Tukey tests identified maize δ 13 C as having the only significant effect.
     -   
The temporal sensitivity of the technique was high (Fig. 4) . The most obvious isotopic shift was for maize-fed mice where after 15 min a pulse in isotopic enrichment occurred, returning to preingestion levels after 105 min. While both maize-fed mice and wheatfed mice showed significant differences in δ
13
C values over time (F 11,60 = 8·33; P < 0·05; F 11,60 = 3·54; P < 0·01), mealworm-fed mice showed no significant change in isotopic composition over time (F 11,60 = 1·54; P > 0·05). Therefore, the variation between the new and original diet was too small to produce statistically different δ
C values with the sample size used (N = 22). Enrichment of 13 C in breath samples taken prior to feeding (i.e. during starving) were significantly lower (T 18 = 8·30; P < 0·01) in starved (-28·8 ± 0·16‰) than in unstarved mice (-26·9 ± 0·16‰).
Discussion
Individual mice of the same age, raised in the same environment, fed a constant diet from weaning and sampled at the same time of day differed significantly in the measured carbon isotope ratios in their breath. Intrapopulation δ 13 C values ranged over 3·3‰ which is similar to the range of breath 13 C isotope enrichments reported in other studies of animals on diets of constant isotopic composition. DeNiro & Epstein (1978) , for example, measured δ 13 C values from respired CO 2 in four species of invertebrate in the laboratory and found the variation for each species ranged from 1 to 3‰. This variation is greater than the variability in isotope enrichments generally reported for tissues of animals fed constant diets (e.g. Tieszen et al. 1983) .
Large isotopic variation in the supplied diet was an unlikely source of the variation observed since the food fed to our mice was from the same controlled batch. It seems likely that breath samples are more variable than tissue samples because CO 2 in breath is derived from the substrates that the animal is currently metabolizing. These probably include a mixture of food that is currently being processed by the alimentary tract and substrates derived from tissue sources that have been deposited previously -including carbohydrates, fats and, under more extreme conditions, protein. Each metabolite has different δ 13 C values due to tissuespecific fractionation and isotopic routing (Gannes et al. 1998) . Therefore, the observed variations in breath isotope signatures between individuals may be a direct reflection of the nutritional status of the individual animals at the time of sampling -whether they are mobilizing ingested food or stored body reserves, and the nature of the reserves being utilized. The fact that Fig. 3 . Long-term changes in isotope enrichment of 13 C (δ 13 C PDB ‰) in expired CO 2 in the breath of laboratory mice switched from a diet they had been fed since weaned to diets of maize ( ᭹ ), wheat (᭡) and mealworm (), ± SE. Fig. 4 . Short-term changes in isotope enrichment of 13 C (δ 13 C PDB ‰) in expired CO 2 in breath samples from three groups of mice, initially starved and then fed single meals of maize (᭹), wheat (᭡) and mealworm (), ± SE. The arrow indicates the first breath sample after the meals were fed. the variation in breath isotope enrichment was correlated with body mass, sex and age of the individuals supports this interpretation since these traits might be expected to be correlated with different patterns of substrate utilization. Controlling this variation may be important if breath samples are to be profitably utilized to infer the diet choice of animals.
The importance of nutritional status as a factor influencing isotopic signatures in breath was illustrated when investigating the temporal sensitivity of the technique, as breath samples showed isotopic signatures of a new diet within 15 min (Fig. 4) . Additionally, the large standard errors observed are perhaps indicative that some individuals were mobilizing the new diet at a different rate from others. The variation in isotopic signatures between diets may have been due to differential fractional utilization of macromolecular components of the diet. Each foodstuff differed in respect to the contents of fats, proteins and carbohydrates. Carbon dioxide is the end product of substrate metabolism and as such carbohydrates in the diet will be preferentially utilized over lipids and proteins which may be stored in reserves. Each dietary component has a slightly different fractionation value (Gannes et al. 1998) and differential fractionation would contribute to the variation between diets. It is possible that the mealworm diet, being composed of mostly protein and lipid, may not have been immediately utilized and as such the isotopic signature may be that of a previous diet. However, the starving of the mice prior to switching diets would imply it is the new diet that has been digested and assimilated and as such would be apparent in the breath isotopic signature.
After feeding the new diets over a period of a few days δ 13 C values levelled (Fig. 3) , implying that although they had not reached asymptotic values, they were close. This being the case, the turnover rate in breath was much higher than the turnover rate measured in tissues, the fastest of which is the liver, which has a half-life of 6·4 days (Tieszen et al. 1983) . Mice that were fed maize had an unusual signature pattern in that δ 13 C values approached the new diet, peaking at -17·5‰ on day four and then became depleted by day six (-20·8‰) approaching signatures of their previous diet. The depletion on day four may be due to an isotopic memory of the old diet, i.e. stored reserves. This may be indicative that the maize diet was not providing sufficient energy and therefore fat reserves may have been utilized. This isotopic mixing may occur due to catabolism of fat reserves, or other tissues, which have not yet turned over to the new diet and are therefore a potential source of isotopic variation.
Animal isotopic composition reflects both diet and fractionation information and depends upon the animal component sampled. Breath fractionation was -5·6‰ (-27·0 breath = -21·4 diet [food pellets] -5·6 fractionation ). The level of fractionation was higher than that typically found in tissues ( Tieszen et al. 1983; Roth & Hobson 2000) . DeNiro & Epstein (1978) found that animal tissue carbon is in most cases enriched relative to the diet. As anticipated therefore breath was depleted relative to diet. This isotopic depletion in breath reflects the isotopic mass balance that must occur between animals and their diets (Lajtha & Michener 1994) . That is, the isotopic composition of carbon that an animal ingests must equal the integrated isotopic composition of the carbon that is incorporated into the body plus that which is lost by respiration and excretion (DeNiro & Epstein 1978) . Since tissues are generally slightly positively fractionated relative to diet, the isotopic mass balance can only be maintained if the respired, and excreted, losses are depleted. The lungs are the respiratory interface by which oxygen is exchanged with carbon dioxide by diffusion and as such fractionation will occur here. It was thought body temperature would play a role in fractionation, but this was not evident.
The observed individual variation in 13 C associated with breath makes it difficult to distinguish isotopically similar diets if populations are sampled at random. For example, the difference in mean breath δ 13 C values between mealworm and rat and mouse no. 1 maintenance diet was only 0·5‰. With interindividual variation in breath δ 13 C ranging over 3·3‰ it would require a large sample of individuals to distinguish between populations of animals feeding on isotopically similar diets using breath sampling alone. Power analysis (α at 0·05, 80% power) suggests that if animals were sampled at random from this population the sample size necessary to significantly detect a difference of 0·5‰ would be 41 in each population. This could be reduced if subpopulations were sampled. For example, by restricting the sampling to male mice only, where the range of enrichments was 2·1‰, the sample size necessary to detect a dietary difference of 0·5‰ in this population would be 26 in each population. Detecting the same δ difference in females of this population would require only 18 in each population. At the individual level separating between these dietary differences would be impossible. This analysis suggests that only distinctions between isotopically distinct diets may be practical using the breath sampling approach if sample size is likely to be small. Where isotopic dietary differences are likely to be large a smaller sample size can be used. For example, to distinguish a difference of 14‰, which is typical of the difference between C 3 and C 4 plants, would require a sample of only two animals selected at random from this population.
This method is useful to delineate isotopically distinct diets. However isotopic variation arises from the contrasting nutritional status of individuals, which will affect the substrate being metabolized. The additional variation brought about by body mass and age can be successfully disregarded by the use of a large sample, or controlled for at the experimental design stage.
Providing that known causes of variation are controlled for, and selection of sample size is appropriate to the expected isotopic dietary difference, breath sampling offers a method as good as tissues. As a non-invasive technique, breath sampling is suitable for small animals, which can be sampled in easily transportable chambers. However the size of the equipment required for larger animals makes their field sampling with this method prohibitive. In these cases a mouth apparatus is an alternative method, but its probable need for anaesthesia and the insertion of a mouthpiece changes the technique from non-invasive to nondestructive. Breath samples are both relatively easy to collect and non-invasive and as such should be considered as an alternative to invasive sampling where isotopic differences in diet are likely to be large.
